In this work we derive the full 3-D kinematics of the near-infrared outflow HH 223, located in the dark cloud Lynds 723 (L723), where a well-defined quadrupolar CO outflow is found. HH 223 appears projected onto the two lobes of the east-west CO outflow. The radio continuum source VLA 2, towards the centre of the CO outflow, harbours a multiple system of low-mass young stellar objects. One of the components has been proposed to be the exciting source of the east-west CO outflow.
rection of the east-west CO outflow near the exciting source as well as that of the near-infrared and optical outflows reported in L723.
The protostellar system embedded in SMA 2 seems to be associated with the large-scale outflows detected in other wavelength ranges, as proposed from previous deep narrow-band images of the L723 field. In the optical range, it drives the Herbig-Haro (HH) object 223 of the Reipurth Catalogue 1 first detected by Vrba et al. (1986) as a "linear emission feature", and later resolved into several knots by López et al. (2006) . The spectra of these knots are characteristic of shock-excited gas, as revealed from long-slit spectroscopy (López et al. 2009 ). The emission of the knots show a complex pattern, both in its kinematics and physical conditions, as derived from Integral Field Spectroscopy (IFS) observations by López et al. (2012) . In the near-infrared range, Palacios & Eiroa (1999) detect in a K-band image several H2 emission nebulae, located at both sides of VLA 2 . Later on, López et al. (2010) López et al. (2010) . An additional slitlet, labeled J23 was included to check the individual frame quality. The four circular appertures, labeled J10, J14, J22 and FJ1, used for mask centering, are also drawn. North is up and east is to the left. northwest of the L723 field, extending along ∼ 5 arcmin (∼ 0.5 pc for a distance of 300 pc). The H2 emission features are found projected onto the lobes of the east-west CO outflow, with a S-shaped morphology, and are proposed to form part of a H2 outflow, which also has optical counterpart at the regions with low visual extinction, given rise to the HH object 223. In contrast, the [Fe II] 1.644 µm image only shows emission associated with the HH object 223, which could be tracing the densest, high-ionized and lower extinction region of the outflow.
The 3-D kinematics (i. e. including proper motions and radial velocities) is a more robust tool than the outflow morphology for a reliable identification of the driving source of the outflow: the direction of the motions of the outflow features points to the position of the driving source. However, the kinematics of the nearinfrared HH 223 outflow remained unknown up to date. With the aim of obtaining further evidence on the relationship between the H2 and the CO outflows of L723, as well as to check the location of the source driving the optical/near-infrared/millimetre outflows, we conducted an in-depth study of the kinematics of the nearinfrared outflow. We derived proper motions and radial velocities of the near-infrared emission features, extending at both sides of the radio-continuum sources. The proper motions were found from multi-epoch imaging of the L723 field, obtained with the same instrumental configuration. The radial velocity field was derived from K-band spectroscopy, using the bright H2 2.122 µm line. Because of the extended S-shape morphology of the H2 emission, the MultiObject-Spectroscopy (MOS) observing mode results more efficient than long-slit mapping if we want to cover most emission features along the outflow in a reasonable amount of observing time. The instrument LIRIS at the WHT offers this observing mode in the near-infrared range. LIRIS-MOS observing mode has been widely used to get spectra of point-sources in crowded fields, although this is the first time that it has been used to collect spectra of extended targets like the nebular emission features in the field of L723. The use on extended targets introduces some complexities, such as the slit mask design and the data reduction and calibration procedures to be followed.
OBSERVATIONS, DATA REDUCTION AND CALIBRATION
Imaging and Multi-Object Spectroscopy observations were made with the instrument LIRIS (Long-Slit Intermediate Resolution Infrared Spectrograph; Acosta Pulido et al. 2003; Manchado et al. 2004 ) at the 4.2 m Williams Herschel Telescope (WHT) of the Observatorio del Roque de los Muchachos (ORM, La Palma, Spain) . LIRIS is equipped with a Rockwell Hawaii 1024 × 1024 HgCdTe array detector. The spatial scale is 0.25 arcsec pixel −1 , giving an image field of view (FOV) of 4.27 × 4.27 arcmin 2 . Imaging and spectroscopic data were processed using the package lirisdr 2 developed by the LIRIS team within the IRAF 3 environment. 
Imaging
Deep narrow-band images of the L723 field through a filter centred on the H2 2.122 µm line were obtained at three different epochs (2006 July 20, 2010 June 22 and 2012 . The observing strategy consisted of a 5-point dithering pattern. Due to the elongated morphology of the target, we used a E-W offset three times larger than the one used along the N-S direction. The reduction process included sky subtraction, flat-fielding, correction of geometrical distortion, and finally combination of frames using the common "shift-and-add" technique. This final step consisted in dedithering and co-addition of frames taken at different dither points to obtain a mosaic covering a field of ∼ 5 × 5 arcmin 2 , which includes the HH 223 H2 outflow. Astrometric calibration in each final image was made using the coordinates from the 2MASS All Sky Catalogue of ten field stars well distributed on the observed field. The rms of the transformation was 0.04 arcsec in both coordinates.
Multi Object Spectroscopy
We obtained spectra of the line-emitting nebulosities forming the HH 223 H2 outflow, which extends over 5.5 arcmin (equivalent to ∼ 0.5 pc for a distance of 300 pc) PA following a S pattern with a postion angle (PA) ≃ 110
• . The identification of the H2 filaments and clumps can be found in López et al. (2010) . In order to be more efficient for collecting the spectra, we used the MOS mode of LIRIS. The observations were performed at two different epochs (see Table 1 for details), using the same MOS mask at the same nominal positioning. The FOV of LIRIS together with the particularly elongated morphology of the outflow permit to cover most of the line emitting regions with the slitlets relatively well aligned (see Fig. 1 ). This fact guarantees a rather consistent wavelength coverage for most of them. The designed mask had 16 slitlets: 15 of them were located to cover the outflow features, and one more (number 10) was positioned onto a star, which was used as a reference target. The aim of using a reference target was twofold: to register the offset between different frames, and to assess individual frame quality. In addition, the mask design included holes, placed at the position of three relatively bright field stars, to support the pointing and acquisition process of the field. Each slitlet was 1 arcsec wide, and its length ranged from ∼ 1.5 to 16 arcsec, depending on the morphology of the corresponding feature to be sampled (see Fig. 1 and Table 2 ). The orientation of each slitlet was slightly different, which introduces relative tilting of the spectral lines among the spectra of different slitlets. Note that this mask was the first one designed with the unusual requirement to have slitlets with different relative orientations.
Spectra were obtained using the designed mask and the 3 medium-resolution (R ≃ 2500) grisms, covering the nominal spectral ranges from 1.18 to 1.35 µm, from 1.53 to 1.79 µm, and from 2.07 to 2.44 µm, in the J, H and K spectral windows, respectively. Total on-source integration time was 1 hr, split in individual exposures of 600 s to avoid saturation by the bright sky lines and to compensate for their time variability. The observations were perfomed repeating the sequence Object-Sky (OSOS). The sky exposures were obtained in an empty field, offset by ∼ 1 arcmin, roughly perpendicularly to the outflow axis, since the observed field is crowded and our targets are extended and close to each other.
The data reduction process of this dataset was rather complex and combined lirisdr/IRAF standard procedures with more dedicated correction steps developed in IDL. For the standard procedures we used the routines available for the LIRIS MOS mode in the lirisdr package. The first step was to determine and correct the geometrical distortions along the spatial axis in order to have the spectra aligned within the CCD rows. Dome white lamp (dome flats, hereafter) spectra were used to determine the correction. Next, we used the a-priori mask design information to trace the slitlet positions and their limits from a distortion-free dome-flat frame. Then the 2-D spectra from each slitlet were extracted following the limits determined previously and were calibrated independentely. The wavelength calibration was determined from argon and xenon lamp exposures obtained with the same instrument configuration through the MOS mask. The arc spectra for each slitlet were extracted in the way described before. The initial wavelength calibration was determined as in the "long-slit case" following the usual tasks in IRAF (i.e. combining identify, reidentify and fitcoords). The accuracy of the wavelength calibration was then checked using a set of bright, isolated OH sky lines present in the observed wavelength ranges. It was noted that wavelength offsets were present, which is expected due to spectrograph flexures. A check of the reliability of the wavelength calibration in the wavelength range close to the line used to derive the kinematics (H2 2.122 µm) can bee seen in Fig. 2 , which shows the line profiles of this line (top panels) and of the OH 2.073 µm sky line (bottom panels) of the spectra obtained by averaging the signal within the full aperture of the slitlet labeled in each of the panels. The position of the corresponding rest wavelength has been marked with the dashed vertical line. Note that the emission appears shifted from the rest wavelength position in the case of the H2 2.122 µm line, while it appears centred at the rest wavelength for the sky line, as should be expected. We then concluded that the wavelength calibration was accurate enough to derive reliable kinematics of the outflow emission using the H2 2.122 µm line.
Next we performed the sky subtraction to the science frames using an average sky spectrum obtained from the adjacent sky frames. The resulting sky-subtracted spectrum showed large residuals coincident with bright OH sky lines. In order to improve the results we followed an approach similar to that developed by Davies (2007) : first we separated the OH emission lines from the sky continuum. The sky continuum was modelled by a smooth function (a polynomial function of degree 4 is usually a good solution). In order to scale properly the OH emission spectrum we divided the spectral range into segments which correspond to different vibrational transitions of the OH molecule. We found the scaling factor for each of the segments that minimized the difference between the sky and the object spectra. Finally, the sky spectrum was subtracted from the 2-D object extracted spectra, and we combined them into an average spectrum for each slitlet. Any possible offsets along the slit direction were derived from the relative positions of the reference stars and then taken into account before the object frames were combined.
RESULTS AND DISCUSSION
We obtained the one-dimensional spectrum for each of the 15 slitlets covering the nebulosities of the HH 223 H2 outflow by averaging the signal within the corresponding slitlet (i. e. within a rectangular aperture of 1 arcsec width and a slit length ranging from ∼ 2 arcsec to ∼ 16 arcsec, see Table 2 ). The spectra in the J, H and K bands are shown in Figs. 3, 4 and 5, respectively. In order to search for variations at scales smaller than the length of the slitlets, we extracted, in addition, the one-dimensional spectra of each of the H2 features identified along the HH 223 outflow. The kinematics of HH 223 was derived from the spectra. The spatial brightness distribution of neutral and ionized gas outflow was also explored from the 2-D MOS spectra (see Fig 6) .
Emission brightness distribution

The neutral outflow
In the near-infrared, the emission of the neutral gas of the HH 223 outflow is traced by the H2 lines. In the observed wavelength range, all the H2 transitions we detected correspond to those with the lowest excitation levels (E 15000 K).
As can be seen from Figs. 4 and 5 the bright H2 υ = 1-0 S(7) 1.748 µm and H2 υ = 1-0 S(1) 2.122 µm emission lines were detected with high signal-to-noise (SNR 10) in all the spectra. Other H2 transitions were also detected in several slitlets, and have been marked in the figures. In the K band, the Q-branch emission lines at 2.4 µm, lying at the edge of the covered spectral range, were found in most of the slitlets. Additional H2 lines, e. g. the υ = 1-0 S(0) 2.224 µm and the υ = 2-1 S(1) 2.248 µm were found in several slitlets (these onto the knots HH 223-A to -F and -H2-NW, -H2-NW2), but were detected with a lower SNR (by a factor ∼ 5 and ∼ 10, respectively) relative to the SNR of the 2.122 µm). In the H band, several H2 transitions were detected in most of the slitlets (from the υ = 1-0 S(6) 1.788 µm to the υ = 1-0 S(9) 1.687 µm lines). However, only the bright 1.748 µm line was detected at the slitlet S9, positioned on HH 223-K1, the knot closest to the site where the outflow exciting source is embedded. Finally, in the J band, only the H2 υ = 3-1 S(3) 1.185 µm and υ = 2-0 Q(1) 1.238 µm lines were detected (SNR ≃ 5) in HH 223-A. The lack of detection of the J band H2 lines in most of the knots can be due mainly to extinction, because these knots are more embedded in the cloud. Note that most of the bright knots identified in the K band (e. g. HH 223-NW and -NW2) lack of an optical counterpart. This can be also the case of HH 223-K1. At this position, the high extinction could prevent the detection of the other H2 lines lying at the H band, except the bright 1.748 µm line.
The ionized outflow
The emission of the ionized gas of HH 223 is traced by the [Fe II] lines.The [Fe II] lines were detected only through the slitlets positioned on the HH object 223 (i.e., knots HH 223-A to -F, the knots having an optical counterpart). The bright [Fe II] 1.257 µm and 1.644 µm lines were detected in all these knots. Other weaker [Fe II] transitions (e. g. at 1.600, 1.664 and 1.677 µm, in the H band, and at 1.295 and 1.321 µm in the J band) were only detected in the spectrum of the knot HH 223-A. The fact that the [Fe II] transtions were only detected in a few knots of the near-infrared HH 223 outflow is consistent with what was found from previous deep narrowband H-band images of the field (López et al. 2010) .
The spatial brightness distribution of the [Fe II] and H2 emissions are not fully coincident, as can be seen from Fig. 6 (left panels) by comparing the PV maps of the [Fe II] 1.644 µm (red contours) and H2 2.122 µm (black contours) line emissions. The greater discrepancies are found for the emissions acquired through the slitlets S3 and S4, positioned on the knots HH 223-B and HH 223-C. In spite of the [Fe II] (H band) and H2 2.122 µm (K band) spectra being obtained at two different observing runs, we want to remark that the observed displacements between these emissions could not be caused by a difference in the positioning of the mask on the field in each of the observing runs. To support this assertion, Fig. 6 also displays the PV map obtained from the H-band H2 1.748 µm line emission (left panels, green contours). In general, the spatial distribution of the emission from the 2.122 µm line appears more extended than the emission from the 1.748 µm line, although its spatial brightness distribution is closely coincident with that of the 2.122 µm line. Hence, the spatial displacement found between the spatial brightness distribution of the ionized ([Fe II]) and neutral (H2) emissions is believed to be reliable.
The knots HH 223-A to -F are far away from the location of the powering source of the outflow (close to HH 223-K1). Hence, the origin of the [Fe II] emission in these knots cannot be the gas heated by a close protostar. The most plausible heating mechanism is the presence of shocks with appropriate strength to ionize and excite the gas outflow. On the other hand, it is very unlikely that both the [Fe II] and H2 emissions originate from the same parcel of shocked gas, because each of these emissions trace shocks with completely different degree of excitation, which are seen either in projection or are unresolved within the same beam. It should be noted that the optical counterpart of the HH 223-A to HH 223-F knots have revealed to show a rather complex kinematic pattern, as derived from an IFS mapping with more complete coverage (López et al. 2012) . The IFS results suggest the presence of a set of shocks of complex morphology, unresolved with the observed beam resolution. In this scenario, the [Fe II] emission may be tracing the sites where the interaction, either between different episodes of mass ejection (like internal working surfaces) or between the supersonic gas and dense clumps of the wall cavity, is strong enough to excite the [Fe II] transitions.
We expected to detect [Fe II] emission in the spectra obtained along the HH 223-K1 feature, since the gas would be ionized given the proximity to the outflow exciting source. However, we failed to detect [Fe II] emission in any of the observed bands. The nondetection of [Fe II] emission at this position, and for the rest of the HH 223 knots, could be caused by a higher extinction than in HH 223A-F. The non-detection of optical counterparts for all of these knots favours this hypothesis.
Radial velocities
The main aim of this work is to establish the kinematics of the near-infrared HH 223 outflow by deriving both radial velocity and proper motions along all its knots, covering ∼ 5 arcmin in the E-W direction. Because the emission of the ionized gas (traced by the [Fe II] lines) was only detected in part of the outflow (along ∼ 30 arcsec), we focused our study on the full kinematics of the neutral gas, traced by the H2 emission in the K band, where the effects of the extinction are lower than in the other two bands, and the most deeply embedded knots are detected in the images. In addition, we also derived the radial velocity of the ionized gas from the brightest [Fe II] lines in the J and H bands at the knots HH 223-A to HH 223-F.
In order to derive the radial velocity field, we obtained the line centroid from a Gaussian fit to the H2 2.122 µm line. Note that this line is well separated from any bright OH sky line. Hence, any residual sky line resulting from an imperfect sky subtraction does not affect the velocity measurements. Furthermore, this line is the brightest one in the observed K spectral range, and it is also the only line detected in all the knot spectra with a high SNR (ranging from 10 to 150). As mentioned before, there are other H2 emission lines lying in the observed spectral range, but they do not seem so suitable to trace the outflow kinematics. The weaker 2.224 µm and 2.248 µm lines were not detected through all the slitlets, or have lower SNR (by a factor ∼ 5 and ∼ 10, respectively) than that of the 2.122 µm line. The Q-branch lines are brighter, but they lie at the edge of the spectral range covered with the spectral configuration used (at 2.4 µm), and the accuracy reached in the wavelength calibration was lower (rms of 0.40Å, ∼ 5.7 km s −1 ) than that achieved for the 2.122 µm line emission (rms of 0.25Å, ∼ 4 km s −1 ). 1 From Gaussian fits to the H 2 2.122 µm line of the spectra, averaged for the full slitlet apertures (see text). 2 Offsets from the position of SMA 2 to the centre of the slitlet. Typical values of the error are 0.5 arcsec 3 The error values correspond to the error of the Gaussian fit added in quadrature with the rms residual of the wavelength calibration. 
Kinematics of the H2 emission
In order to search for a kinematic trend along the HH 223 outflow, we derived the radial velocity 4 from the spectra obtained by averaging the signal within the full aperture of each slitlet (Table 3 and Fig. 7) . The velocities derived in this way correspond to the mean velocity within the aperture, and do not account for velocity shifts at spatial scales smaller than the length of the corresponding slitlet, which in some cases covers several knots (see Fig. 6 ).
The velocities derived in this way are given in Table 3 and Fig.  7 and show a bipolar pattern: the velocity along the outflow changes from negative (blueshifted) in the southwest to positive (redshifted) to the northwest. We found a mean velocity of -32.8 km s −1 for the knots observed at distances ranging from 40 to 85 arcsec to the southeast of SMA 2 (the radio-continuum source that hides the outflow exciting source). A mean velocity of +32.5 km s −1 is found for the knots located at distances ranging from 40 to 130 arcsec to the northwest of SMA 2. The velocity changes its sign (from negative to positive values) in the neighbourhood of the HH 223-K1 nebula, i. e. close to the position of SMA 2.
It is worth noting that the HH 223 H2 outflow lies projected onto the pair of lobes of one of the two bipolar CO outflows (the larger, east-west one) detected in L723. As a general trend, the H2 4 All the velocities in the paper are given with respect to the velocity adopted for the parent cloud, V LSR =+10.9 km s −1 (Torrelles et al. 1986 ) knots with blueshifted velocities are projected onto the blueshifted CO outflow lobe, while the H2 knots with redshifted velocities are projected onto the redshifted CO outflow lobe, as can be easily visualized in Fig. 8 . This spatial coincidence between the CO and H2 velocity signs gives support to the existence of a physical relationship between the H2 and CO outflows.
Furthermore, we searched for changes in velocity at spatial scales smaller than the length of the slitlets. In Fig. 6 (black contours), we plot position-velocity (PV) maps of the H2 2.122 µm emission through all the slitlets. From these maps, and comparing with the H2 K narrow-band continuum-subtracted image of the field (see López et al. 2010) , we identified which knots were intersected by each slitlet. Then, we obtained the one-dimensional spectrum of each of these knots by averaging the signal over the length of the slitlet encompasing the corresponding knot (i. e. within windows 1 arcsec wide and lengths given in Table 4 , column 3), and derived the velocity of the knots (Table 4 , column 5). The distance, measured as the offset from the position of SMA 2 to the emission peak of the knot, is also given in Table 4 . The velocities obtained for the knots projected onto the blue/red lobes of the east-west CO outflow are plotted in Fig. 9 (black dots). These radial velocities will be used later to derive the full spatial velocity field of the near-infrared HH 223 outflow. At small scales we found a rather complex kinematics within the extended nebular emission features, which confirms the previous IFS results (López et al. 2012) for the HH 223 optical counterpart. Note in addition that we detected some additional H2 features from the MOS spectra that were not detected in the previous H2 narrow-band image.
Finally, and in order to get further evidence of the kinematic pattern found from the H2 2.122 µm line, we obtained the velocity of the knots from the 1.748 µm line, the brightest H2 line detected in most of the H-band spectra. The results are shown in Figs. 9 and 10 (green dots). As can be seen from the figures, they are in good agreement with the results found from the H2 K-band line. Concerning the values of the radial velocities, they are consistent with those derived from the 2.122 µm line. Concerning the spatial brightness distribution, the knot structures found from the 2.122 µm line are also identified in the H-band maps, and the positions of the peaks of the two H2 emission lines are coincident. However, the general trend found in all the condensations is that the emission of the 1.748 µm line is detected within a narrower Table 3. velocity range (by ∼ 40-60 km s −1 ) than the emission from the 2.122 µm line (at the same SNR levels).
Kinematics of the ionized outflow gas
We derived the kinematics of the ionized gas by obtaining the velocity from the brightest [Fe II] lines in the J and H bands (i. e. the 1.257 µm and 1.644 µm lines, respectively). The results found are given in Table 5 and are drawn in Fig. 10 (red dots) . The [Fe II] VLSR values appear blueshifted, ranging from ∼ -30 to ∼ -115 km s −1 . These velocities show that the ionized gas of the outflow (traced by the [Fe II] emission) is more blueshifted than the molecular gas (traced by the H2 emission).
Individual outflow features
In the following, we will briefly discuss the kinematic structure found at small scales, by examining each of the nebulae sampled with MOS through all the slitlets.
HH 223-A to HH 223-F Five slitlets (S2 to S6, from east to west) were positioned covering the knots HH 223-A to F, the knotty, undulating emission of ∼ 22 arcsec in length, at ∼ 1 arcmin southeast of SMA 2. Note that this structure is the optical counterpart of the Hα "linear emission feature" reported by Vrba et al. (1986) , and corresponds to the Herbig-Haro object 223. Figure 6 (left column) displays the PV maps of the H2 emission lines at 2.122 µm (black) and 1.748 µm (green), and [Fe II] at 1.644 µm (red) through the S2 to S6 slitlets. The knots intersected by the slitlets, and identified from the H2 K-narrow-band, continuum substracted image of the field, have been labeled accordingly. Figure 10 displays a close-up of Fig. 9 showing with more detail the behaviour of the velocity as a function of the angular distance to SMA 2. The spectrum of each knot was obtained by averaging the signal within the apertures quoted in Table 4 , and the velocities were derived from the 1.748 µm and 2.122 µm H2, and 1.644 µm [Fe II] lines. Both emissions, the neutral (traced by H2) and the ionized (traced by [Fe II]) appear blueshifted. As expected, the velocities derived from [Fe II] are more blueshifted than those derived for both H2 lines, which in turn are consistent between them. Accordingly with what was found in the PV maps (see Fig. 6 ) and in the H-and K-narrow-band images (López et al. 2010) , there is some shift between the spatial distribution of the [Fe II] and H2 emissions: offset values 1 arcsec are found between the peaks of the [Fe II] and H2 emissions in knots HH 223-B, -C (that corresponds to -C North in H2), and -D. Furthermore, there are some substructures that were detected in H2 but did not appear in [Fe II] (e. g. HH 223-A2) while some [Fe II] substructures were not detected in H2 (e. g. a third condensation lying between HH 223-F0 and -F1).
As it was noted, these facts may be indicative of shocks of different degree of excitation coexisting along the HH 223-A to -F emission region.
A trend for the velocity can be found, consisiting in an increase of the absolute value of the velocity, suggestive of an acceleration, from east to west, towards the location of SMA 2. The general trend seems to be broken at a few positions (e. g. at A1 and D knots). However, this might be expected because of the highly complex kinematics of HH 223-A-F already found at optical wavelengths, where a fully spatial sampling of the emission was obtained with Integral Field Spectroscopy (López et al. 2012) . One indication of such a highly complex kinematics can be found by examining the PV maps of the 2.122 µm line of HH 223-A-F at spatial scales of ∼ 1 arcsec: as can be seen from Fig. 6 , a change in velocity can be appreciated along HH 223-A (i. e. in S2). Moving from east to west through the slitlet, we found an intensity peak of emission, labeled as knot HH 223-A1 in Table 4 , and another secondary emission enhancement (HH 223-A2 in Table 4 ), their peaks being separated ∼ 1 arcsec. From the spectra obtained for these two HH 223-A knots we found a difference in velocity of ∼ 50 km s −1 between them, being the eastern knot more blueshifted. It is worth noting that HH 223-A presents two emission peaks separated ∼ 1 arcsec, partially resolved in the Hα images (López et al. 2009 ). The radial velocities derived from the Hα and [S II] lines in longslit spectra through HH 223-A show the same behaviour as in the case of the H2 line: a change in velocity of ∼ 60 km s −1 between these two condensations of HH 223-A, being the eastern condensation (HH 223-A1) the most blueshifted. Furthermore, the velocity trend shown by the 2.122 µm line through HH 223-A is also found in other H2 lines (e. g. the 2.224 µm and the 2.406 µm). In contrast, the two H2 substructures found within HH 223-A were not identified in the PV map of the [Fe II] 1.644 µm line. The position of the [Fe II] emission peak coincides with HH 223-A1, while no clear [Fe II] counterpart is found for the other H2 substructure (HH 223-A2) . Hence, we confirm that there are two unresolved clumps within HH 223-A, with different excitation conditions, which may be originated in shocks with different strengths.
In spite of the lack of detection of H2 emission from the knot HH 223-B in the narrow-band images, we were able to detect H2 emission through the slitlet positioned on this knot (S3). From the H2 2.122 µm line, we derived the velocity at the intensity peak of the emission, and at a secondary weaker substructure lying to its southeast (named HH 223-B-peak and -B-east, respectively; see Table 4). At both positions the emission appears blueshifted, although no significant variation in velocity along the knot is found. In addition, we detected emission from other H2 lines, both in the H and K bands, the behaviour being consistent with that of the 2.122 µm emission (see e. g. the PV map of the 1.748 µm emission in Fig. 6 ). Note, in contrast, the spatial displacement found between the [Fe II] and H2 emissions, inferred from their PV maps (Fig.4) . The position of the [Fe II] emission peak is coincident (within 0.2 arcsec) with the peak of HH 223-B-east, the H2 weaker substructure, but it is offset by 1.4 arcsec from HH 223-B-peak.
The slitlet S4 included emission from the intensity peak of the bow-shaped feature labeled HH 223-C in the narrow-band H2 image, and from a weaker condensation, southeast of it (labeled HH 223-C-North and C-East, respectively, in this work). A spatial shift between the [Fe II] and H2 emissions was already found in the H and K narrow-band images, and also can be appreciated in the PV maps of this work. The peak of the [Fe II] emission is offset by ∼ 1.2 arcsec west from the peak of the H2 emission (HH 223-CNorth).
The slitlet S5 included emission coming from the bow-shaped feature HH 223-E, and from HH 223-D. We found an offset of ∼ 1 arcsec between the peaks of the [Fe II] and H2 emissions in HH 223-D, while there is not a significant shift between the peaks of these emissions for HH 223-E. Finally, S6 included the emission from the filamentary feature HH 223-F. The spatial brightness distribution of the ionized ([Fe II]) and neutral (H2) emissions are in general coincident, although some differences are found. Two condensations, F0 and F1, are identified in the PV map of both, H2 and [Fe II] emissions, while the [Fe II] emission presents a third condensation located between them. The trend of decreasing velocity from east to west is seen through HH 223-F for both ionized and neutral emissions.
HH 223-N2 The slitlet S7 was positioned along the H2 faint filamentary structure ∼ 30 arcsec northwest of HH 223-A. We identified several brightness enhancements that were detected only in the brighter H2 lines (e. g. 1.748 µm and 2.122 µm). In contrast, emission from [Fe II] was not detected in the spectral range observed. No clear trend along the filament for the radial velocity was found. On the other hand, the tangential velocity cannot be derived from the narrow-band images due to the low contrast brightness distribution of the clumps. Hence, it is not possible to infer whether the observed kinematics could be tracing some changes in the outflow orientation at this region.
HH 223-K2, -K1 Two slitlets were positioned on the H2 nebulae closest to the location of SMA 2. The H2 emission from HH 223-K2 (through S8) appears blueshifted, without significant velocity variations along the region mapped. In contrast, the velocity derived along S9 shows some variation from east (blueshifted) to west (redshifted). Note that S9 was positioned closely perpendicular to HH 223-K1. Hence, the K1-West emission peak is the closest emission to the wall of the cavity opened by the CO outflow. In spite of these slitlets being the closest to the YSO position, we were not able to detect emission from [Fe II] lines.
HH 223-H2-NW Slitlet S11 sampled the emission along the filamentary feature HH 223-H2-NW, crossing the two bright knots (labeled NWa and NWb, from west to east), and the weaker, diffuse emission labeled NWc. From the 2.122 µm line, we derived similar redshifted velocity values for knots NWc and NWb, as expected for the H2 knots lying projected onto the redshifted CO outflow lobe. In contrast, a blueshifted velocity was derived at NWa. At the brighter knots (NWa and NWb), emission from other H2 lines of the K-band was also detected. Thus, in addition to the 2.122 µm line, we used the 2.224 µm and 2.248 µm lines for deriving their velocities. From these three lines, we found mean velocities of +13.3 ± 0.2 km s −1 and -12.0 ± 0.9 km s −1 for knots NWb and NWa respectively. Then, we concluded that this difference in velocity between knots a and b, c is reliable.
HH 223-H2-NW3 Slitlet S12 was positioned on this isolated, compact (∼ 2 arcsec in diameter) emission feature, seen in the narrow-band images towards the southeast of the filamentary feature HH 223-H2-NW2. We were not able to identify substructures within the knot. The velocity of the knot is redshifted, without significant variations along it.
HH 223-H2-NW2 This bright H2 filamentary feature is seen towards the northwestern edge of the observed field. Part of it coincides with the K' linear nebula reported by Hodapp (1994) , and has a faint, less extended optical counterpart visible in the Hα line (López et al. 2006) . The filament appeared resolved in several brightness enhancements, labeled a to g, in the narrow-band H2 images (López et al. 2010) .
Up to four slitlets (S13 to S16) were positioned along this filament in order to cover the emission coming from most of its bright knots. S13 included emission from a part of the faint, more extended nebula NW2a, the eastern part of the filament, from NW2b, which was resolved into several smaller-scale emission enhancements (labeled b0 to b3, from east to west along the filament), and most of the NW2c knot. S14 included emission from NW2d, which showed three emission enhancements (labeled d1 to d3, from east to west along the feature). S15 crossed NW2e, which showed a compact, single-peaked emission in all the detected H2 lines. Finally, S16 included emission coming from NW2f, NW2g, and from NW2h, a more difuse, fainter emission, first identified from MOS spectra.
Using the 2.122 µm line, we derived the velocity for each of the condensations identified in the MOS spectra. The general trend shows a slight decrease of the redshifted velocity, which diminished by a factor of ∼ 2 in ∼ 25 arcsec along the filament, from east to west.
Proper motions
The proper motions of the knots along the HH 223 outflow were derived from three H2 narrow-band images of the L723 field obtained at three differents epochs, spanning a total of 6 years (see Table 1 ).
The three images were converted into a common reference system. The positions of ten field stars, common to all the frames, were used to register the images. The geomap and geotran tasks of IRAF were applied to perform a linear transformation, with six free parameters that take into account translation, rotation and magnification between different frames. After the transformation, the typical rms of the difference in position for the reference stars between the reference epoch and the other two epochs was ∼ 0.03 arcsec in both coordinates. The pixel size was found to be 0.252 arcsec.
We defined boxes that included the emission of the individual condensations in each epoch. The position offset of the second and third epochs with respect to the first epoch (taken as reference) was estimated by cross-correlation (see the description of this method in Reipurth et al. 1992; López et al. 1996) . The uncertainty in the position of the correlation peak was estimated in the same way as was done by Anglada et al. (2007) , through the scatter of the correlation peak positions obtained from boxes differing from the nominal one in ±2 pixels. The error adopted for each coordinate for the offset for epoch i, ǫi, was twice the uncertainty in the correlation peak position, added quadratically to the rms alignment error.
In Fig. 11 we show the position offsets in x and y measured for the knots. The proper motions in the x and y direction, µx and µy, were obtained for each knot as the slope of the regression lines fitted to the offset positions for the three epochs (see Fig. 11 ). The proper motions obtained are shown in Table 6 and in Fig. 12 . The errors assigned to the proper motions, in both x and y, are the formal errors of the slope of the linear regression fits for each knot. The errors appear to be rather small as a consequence of the wide time span used for calculating the proper motions. The quality of the linear regression fits for each knot is indicated by the small values of the residuals in x, ǫx, and y, ǫy, (see Table 6 ).
As can be seen in Table 6 and Fig. 12 , the pattern found for the tangential velocity (VT) is symmetric with respect to the location of the proposed outflow source, which is located close to the knot HH 223-K1.
The VT derived are quite similar for both (blue-and redshifted) outflow lobes. For the knots located on the blueshifted CO outflow lobe (i. e. to the east of the millimetre sources) VT ranges from ∼ 11 to 25 km s −1 with a mean velocity of 15.9 km s −1 . For the knots on the redshifted CO outflow lobe (to the west of the millimetre sources) VT ranges from ∼ 4 to 32 km s −1 with a mean velocity of 15.5 km s −1 . Zhang et al. (2013) carry out a survey of H2 outflows driven by low-mass protostars in the L1688 core of ρ Ophiuchi, and derive the proper motions for 86 H2 emission features. They find values in the range of 0.014-0.247 arcsec yr −1 , which correspond to VT in the range of 8-140 km s −1 , with a median velocity of 34.5 km s −1 .
The proper motions we measured for the H2 features of the HH 223 outflow lie within this range, near its lower end. It should be noted that these authors also find an appreciable drop in the number of features having low VT values, which they mainly attribute to a bias effect. Thus, the VT we derived for the H2 features of the HH 223 outflow are consistent with typical values found in other H2 outflows driven by low-mass protostars.
Regarding the direction of the knot proper motions, the position angles (PA) derived show that the knots located to the east of SMA 2 move eastwards, in a direction opposite to that of the knots located to the west of SMA 2, which move westwards. In general, the knot proper motions are projected following directions that are consistent, within errors, with the direction of the east-west CO outflow axis (PA of 110-115
• , see e. g. Moriarty-Schieven & Snell 1989; Lee et al. 2002) , with a few exceptions. The knots closest ( 10 arcsec east) to SMA 2 (HH 223-K1 and -K2) also move eastwards but the PA of their proper motions are misaligned with respect to the large-scale outflow axis (∆ PA 30
• -65 • ). However, at small scales, the ouflow traced by the SiO emission has a PA close to that of the H2 emission of knots K1 and K2 (see Girart, Rao & Estalella 2009; López et al. 2010 ). The proper motion of the knots H2-NW2c and H2-NW2d, ∼ 95 arcsec to the west of the millimetre sources, are also misaligned with respect to the east-west CO outflow axis. The CO velocity maps of Lee et al. (2002) show the presence of a clump of blueshifted CO emission, superposed on the redshifted CO outlfow lobe, around the location of these H2 knots. It might be indicative of a complex interaction between molecular clumps at these positions that deviates the knot proper motions away from the outflow axis. Such deviations, at-tributed to complex interactions of the outflow with a inhomogeneous environment, have been observed in other jets (e. g. HH 110, see Kajdic et al. 2012 ).
Full spatial velocities
The full spatial velocity (Vtot) and the angle (φ) between the knot motion and the sky (with φ 0 towards the observer) was obtained for the knots for which the two velocity components could be derived from the MOS and narrow-band imaging observations. Results are given in Table 7 and plotted in Fig. 13 .
The full spatial velocities derived for these knots range from ∼ 15 to 55 km s −1 . No clear behaviour as a function of the distance to SMA 2 is found. However, a trend can be seen, with Vtot increasing with distance from the exciting source. Near SMA 2, the knots lying from ∼ -5 to +40 arcsec of SMA 2 have lower Vtot(with a mean velocity of 17.8 km s −1 ) than the knots far away of SMA 2, to both sides of it. Furthermore, Vtot is slightly higher for the western (redshifted) knots lying at distances from +80 to +120 arcsec, (with a mean velocity of 43 km s −1 ), than for the eastern (blueshifted) knots lying at distances from -10 to -70 arcsec to SMA 2 (with a mean velocity of 35.5 km s −1 ). In contrast, the inclination angle with respect to the plane of the sky derived for the knot motions shows a bipolar behaviour, as can be appreciated in Fig. 13 . For the knots located to the east of SMA 2, we derived inclination angles 50
• , with a mean inclination angle of 58
• . The motion of the knots lying to the west of SMA 2 is found projected in the opposite direction with respect to the plane of the sky, with a mean inclination angle of -60
• .
A scenario derived from the kinematics
A scenario was previously outlined by López et al. (2010) , which was based only on the morphology of the near-infrared and CO outflows, with the low-mass protobinary system VLA 2 lying embedded in the millimetre source SMA 2. One of the protobinary members (most probably VLA 2A) is ejecting supersonic gas at varying speed or with different ejection directions, giving rise to the large-scale, east-west bipolar CO outflow. In turn, the near-infrared HH 223 outflow is tracing slow shocks, excited by the interaction of the CO outflow with the accelerated gas of the walls of the cavity opened by it. At some places, the strength of the shocks increases, either by interaction between parcels of the outflow (internal working surfaces) or with dense clumps of the cavity wall. These sites of stronger shocks are traced by the [Fe II] emission in the J and H spectral range, provided that the extinction allows the emission to emerge. The near-infrared emission arising from the shocked gas has, in addition, optical counterparts at the regions with low visual extinction, giving rise to the Herbig-Haro object 223, at the southeast edge of the outflow, and to the weak, diffuse HH 223-NW2 filament at its northwest edge, both structures being detected in the Hα line.
In this work, the full kinematics derived for the H2 emission clearly confirms that the location of the exciting outflow source has to be found around the position of the millimetre source SMA 2, where the protobinary system is embedded. A bipolar pattern has been found for the spatial distribution of the knots' proper-motion directions, as well as for the inclination angle of the full velocity with respect to the plane of sky. In both cases, the vectors point in opposite direction, away from the region where the proposed engine of the outflow is located. Furthermore, the radial velocity derived along the near-infrared emission sampled with MOS changes sign somewhere to the northwest of HH 223-K1. Note that the location of the proposed engine of the outflow lies a few arcsec to the northwest of HH 223-K1. Unfortunately the high extinction prevented us to detect near-infrared emission just coinciding with the position of the millimetre source SMA 2. Hence, from this work it is not possible to establish which component of the protobinary system is closer to the location where the velocity changes sign. To address this subject, we would need to study the kinematics of the emission in the neibourghood of HH 223-K1 using tracers of the emission from dense gas that would allow us to penetrate closer to the millimetre source.
Finally, we found some departures from the general trend followed by the kinematics of the near-infrared emission at several positions. We interpreted them as caused by a more complex interaction with an inhomogeneous, clumpy environment or between different parcels of the outflow.
SUMMARY AND CONCLUSIONS
Taking advantadge of the Multi-Object-Spectroscopy (MOS) observing mode of LIRIS, we obtained J, H and K-band spectroscopy of the complex morphology of the L723 outflow. We obtained the full kinematics of the near-infrared (H2) outflow HH 223, located in the L723 dark cloud. The proper motions were derived from multiepoch H2 images of the L723 field, obtained through a narrowband filter centred on the 2.122 µm line. The radial velocities were derived from the 2.122 µm H2 lines of the MOS spectra. Hence, both radial and tangential velocities correspond to the same emitting outflow gas. The kinematics derived from the data presented in this work lead us to the conclusions summarized below.
• At large scales, the radial velocity shows a bipolar pattern along the outflow, with negative (blueshifted) values towards the southeast, and positive (redshifted) values towards the northwest from the position of SMA 2. The spatial distributions of the radial velocity of the H2 and CO emissions match each other: the H2 knots having negative velocity lie on the blueshifted CO lobe, while the H2 knots with positive velocity lie on the redshifted CO lobe. This strongly supports that the H2 and CO outflows share their exciting source.
• The proper motions derived lie within the range of values found in other H2 outflows driven by low-mass protostars. The proper motions of the blueshifted and of the redshifted H2 knots have similar values. As a general trend, the knots move following the direction of the CO outflow axis. The proper motions follow a bipolar pattern, with the knots to the east of SMA 2 moving in a direction opposite to the motions of the knots to the west of SMA 2.
• For the brightest H2 knots, we derived the full spatial velocity and the inclination angle of their motion with respect to the plane of the sky. A bipolar pattern, centred around the location of SMA 2 (where the exciting outflow source is embbeded), is found: the eastern knots move towards the observer (φ ≃ +60
• ), while the western knots move far away to the observer (φ ≃ -60
• ).
• In addition, we built the PV maps of the 1.748 µm line, the brightest H2 line detected in the observed H-spectral range, and derived the radial velocity from this line. Both, radial velocities and spatial brightness distribution are consistent with those derived from the 2.122 µm line.
• Emission from [Fe II] lines, tracing the emission of the ionized gas, was only detected in the J-and H-band spectra of the slitlets positioned on HH 223-A to HH 223-F. Since these knots are far away from the location of the powering outflow source, the [Fe II] emission has to be originated in shocks.
In summary, the 3D kinematics of the HH 223 H2 outflow derived in this work confirms that all the H2 nebular structures form part of a large-scale, S-shaped near-infrared outflow, which is powered by the YSO located within the millimetre source SMA 2, the closest one to the H2 knot HH 223-K1. The kinematics also confirms that the H2 and CO outflows are physically related.
